Abstract It is widely acknowledged that the brain anatomy of children and adolescents with autism spectrum disorder (ASD) shows a different developmental pattern then typical age-matched peers. There is however, a paucity of studies examining gray matter in mid and late adulthood in ASD. In this cross-sectional neuroimaging study, we, performed vertex-wise whole-brain and regionof-interest analyses of cortical volume, thickness, surface area, and gyrification index in 51 adults with and 49 without ASD, between 30 and 75 years. There was significant age-related volume loss and cortical thinning, but there were no group differences. The lack of significant anatomical differences between intellectual able individuals with and without ASD, suggests that ASD is not (strongly) related to gray matter morphology in mid and late adulthood.
Introduction
Autism spectrum disorder (ASD) is a tale of many brain regions, as the anatomical signature of ASD seems to be marked by age-specific changes. ASD is a lifelong disorder associated with early neurodevelopmental deficits, with one of the most consistent findings being accelerated brain growth during early childhood (Courchesne et al. 2007) and deceleration during late childhood and adolescence (Courchesne et al. 2011; Duerden et al. 2012; Stanfield et al. 2008) . The findings predominantly point toward anomalies (but see Haar et al. 2014) in the frontal and parietal lobes, the limbic system, and the cerebellum, though directions and magnitude vary across studies (Cauda et al. 2011; Duerden et al. 2012; Nickl-Jockschat et al. 2012; Stanfield et al. 2008; Via et al. 2011) . This is further substantiated by post-mortem research contributions of different cellular factors (e.g. neuronal numbers, dendritic growth and number of synapses, and number and size of glial cells) in frontal, parietal and anterior cingulate cortex, amygdala and the cerebellum (Schumann and Nordahl 2011) . For adults with ASD it is difficult to pinpoint specific affected brain regions, because the majority of studies have age-ranges including adolescence and research on typical brain development has shown protracted brain maturation in adolescence (Giedd et al. 2009; Koolschijn and Crone 2013; Koolschijn et al. 2014; Ostby et al. 2009 ). Given the aberrant neurodevelopmental course of ASD, inclusion of children and adolescents hampers interpretation of adult-specific abnormalities. Hence, what happens to the brain of people with ASD when they age is unknown as most research focused largely on ASD in children, adolescents, and young adults (Howlin and Moss 2012; Mukaetova-Ladinska et al. 2012 ). Therefore, we will focus on middle and older aged adults with ASD.
The aforementioned brain volumes have been studied successfully, and extensively (Cauda et al. 2011; Duerden et al. 2012; Nickl-Jockschat et al. 2012; Stanfield et al. 2008; Via et al. 2011 ) and these studies have been highly informative. However, volumetry is a composite measure of anatomical properties such as thickness, surface area, and gyrification. These properties are under diverse genetic control and have distinct trajectories in the typical developing brain (Panizzon et al. 2009; Raznahan et al. 2011; Winkler et al. 2010) . For example, the radial unit hypothesis of cortical development suggests that cortical thickness is influenced by the number or the size of cells within a column at least some brain regions, while the cortical surface area is influenced by the number and spacing of cortical columns (Rakic 1988 (Rakic , 2000 . With respect to gyrification, the process by which the cortical surface morphology is altered to create the sulcal and gyral regions, it is thought that it reflects both interregional connectivity and optimal intracortical organization (Van Essen 1997; White et al. 2010) . For ASD, examination of cortical gyrification is potentially informative about pathological deviations in neurodevelopment, as abnormalities in interregional connectivity have been reported in children and adolescents and young adults with ASD (Vissers et al. 2012) . Hence, in the current study we will, next to volume, focus on each of these three anatomical properties of gray matter.
When focusing on studies examining cortical surface measures like thickness, surface area, and gyrification patterns in people with ASD, only a few studies also included adults with ASD and we see rather mixed results. For instance, with respect to cortical thickness the temporal cortex has been reported thicker (Scheel et al. 2011) , thinner (Hadjikhani et al. 2006; Raznahan et al. 2010; Wallace et al. 2010) , or not different from a comparison group (COM) (Zielinski et al. 2014) . In a small adult sample, cortical thinning was observed in various brain areas including, prefrontal, orbito-frontal, and anterior cingulate cortex (Hadjikhani et al. 2006 ). Yet other studies reported a scattered pattern of both cortical thickness increases (frontal and temporal regions; ), and decreases (occipital and temporal regions) (Wallace et al. 2010) compared to a comparison group. Moreover, also larger (frontal and orbito-frontal regions, temporal and motor areas), and lower (primarily parietal regions) surface area was found in these adult ASD males (but see Wallace et al. 2010) . In a large longitudinal study with children and young adults, abnormal age-related cortical thickness trajectories were found and emerged in occipital, frontal and parietal regions (Zielinski et al. 2014) . A few studies have examined gyrification patterns in ASD in mixed adolescent/adult samples. These studies reported higher gyrification indices in ASD in bilateral posterior regions (Wallace et al. 2013) and in the left supramarginal gyrus as a function of age (Libero et al. 2014) compared to individuals without ASD. Furthermore, higher gyrification indices of the left frontal cortex have been reported in children and adolescents with ASD, but not in adults with ASD suggesting normalization in adults (Hardan et al. 2004) . Taken together, although previous studies have examined various morphological properties in adults with ASD, no studies to date have explicitly performed a concurrent comprehensive evaluation of (sub)-cortical structure characteristics in middle and old aged adults with ASD. Therefore, we tested individuals with and without ASD between 30 and 75 years, with a mean age around 50 years. Given that in most adult gray matter studies the maximum age is around 50 years, the inclusion of older adults in the current study gives us the unique opportunity to explore whether in ASD we will observe the similar age-related declines as in typical aging (Raz et al. 2010; Walhovd et al. 2005) .
Besides whole brain vertex-based analyses (Raznahan et al. 2010; Zielinski et al. 2014) , we extracted the four morphological properties (cortical thickness, volume, surface area and lGI) from the lobes (Raznahan et al. 2010) , and gray matter (GM) volumes on the subcortical level for replication purposes (Osipowicz et al. 2015; Raznahan et al. 2010; Zielinski et al. 2014) . Even though findings are mixed in the adult ASD literature, we hypothesized abnormalities in cortical volume and thickness, but not surface area, in both frontal and temporal regions in middle and older aged adults with ASD compared to our comparison group Raznahan et al. 2010) . Moreover, we expected aberrant gyrification in temporalparietal regions, but the specific direction of these abnormalities could be either way (Hardan et al. 2004; Libero et al. 2014; Schaer et al. 2013; Wallace et al. 2013) . Subcortically, we expected primarily abnormalities in the hippocampus, amygdala, and caudate nucleus (Cauda et al. 2011; Duerden et al. 2012; Nickl-Jockschat et al. 2012; Stanfield et al. 2008; Via et al. 2011) . However, each of these hypotheses were based on studies including younger adults as compared to the current study. It could well be that after the aberrant neurodevelopmental trajectories in early life, the brains of ASD individuals tend to rearrange towards a ''normal'' shape as two recent longitudinal studies demonstrated pseudonormalization in most brain regions during adolescence and young adulthood (Zielinski et al. 2014) , and atypical volume decline (Lange et al. 2015) . Based on these findings we would expect a general converging pattern showing fewer differences between groups with increasing age (Raznahan et al. 2010) . Therefore, we also explored whether age-related differences in ASD are parallel, convergent or divergent relative to our comparison group.
Methods

Participants
A total of 51 individuals with and 49 without ASD between 30 and 75 years were recruited from a cohort of participants of a large-scale behavioral study ''Autism & Aging: A double jeopardy?'' conducted at the Dutch Autism & ADHD Research Center, Amsterdam, The Netherlands. Participants were recruited via advertisements, our website and personal contacts, and from mental health clinics specialized in the assessment and care of adults with ASD . All individuals with ASD received their clinical ASD diagnosis by a multidisciplinary team with clinicians experienced in the assessment of ASD. Hence, we are following the Dutch Multidisciplinary Guidelines for ASD assessment in adults (Kan et al. 2013 ) and the UK NICE guidelines for identification and assessment of ASD in adults (http://www.nice.org.uk/guidance/CG142). To verify the clinical diagnosis we used the following diagnostic inclusion criteria for ASD participants: (1) a formal diagnosis of ASD prior to inclusion; (2) confirmation of diagnosis on the Autism Diagnostic Observation Schedule module 4 (Lord et al. 1989) ) and/or Autism-Spectrum quotient, 50-item list (Baron-Cohen et al. 2001) : 33 individuals had a score above the cutoff of the ADOS (C7) and those not scoring above this cut off did score above the AQ cutoff (C26); for similar approaches see (Ecker et al. 2012; Lai et al. 2013) . Please note that, although the evaluation of childhood problems was part of the clinical assessment procedures, obviously, with the age-range of our participants an interview such as the Autism Diagnostic Interview-Revised (ADI-R; (Lord et al. 1994) ) is not feasible or reliable.
Secondary inclusion criteria included an estimated IQ above 80 which was based on two subtests of the WAIS-IV (Wechsler 1981) , and an absence of MRI-contraindications. Furthermore, participants were not selected for the MRIstudy in case of a self-reported history of neurological disorders, chronic somatic illnesses, learning disabilities or schizophrenia based on the Mini-International Neuropsychiatric Interview (Sheehan et al. 1998) . For the comparison group, an additional exclusion criterion was a first or second-degree family member with ASD. This was based on self-report. There were no between group differences for IQ, age, sex, and handedness (Table 1 ). All participants gave written informed consent for the study and received fixed payment for participation and travel reimbursement. Of note, all individuals selected for the MRI-study had been screened in the initial cohort study for capacity to consent based on the mini-mental state examination and IQ estimates. The internal review board from the University of Amsterdam approved the study (#2013-PN-2668).
Data Acquisition
All participants were scanned on a 3-Tesla whole body Philips Achieva MRI system with a 32-channel head coil (Best, The Netherlands). Two high-resolution T1-weighted anatomical scan were obtained: 3D-T1-weighted scan: TR = 8.2 ms; TE = 3.8 ms, 220 slices, voxel-size = 1 mm 3 , FOV = 240 9 188, matrix = 240, 2D SENSE directions: P(Right-Left) = 2.5, S(Food-Head) = 2).
Image Analysis
Cortical reconstruction and volumetric segmentation was measured automatically using FreeSurfer5.3 (http://surfer. nmr.mgh.harvard.edu/ (Dale et al. 1999; Fischl and Dale 2000) . Details of the surface-based cortical reconstruction and subcortical volumetric segmentation procedures have been extensively documented previously (Dale et al. 1999; Fischl and Dale 2000; Fischl et al. 2004; Segonne et al. 2004) . In short, the FreeSurfer pipeline performs motion correction on the T1-images, automatically removes nonbrain tissues , transforms volumetric data to a common atlas, performs intensity normalization, topology correction (Fischl et al. 2004; Segonne et al. 2007 ) and defines the boundaries of the gray/white matter and pial surface (Dale et al. 1999; Fischl and Dale 2000) . The volumetric subcortical segmentation procedure automatically classifies brain tissue into multiple distinct structures such as cerebral and cerebellar gray and white matter, and subcortical structures (Fischl et al. 2002 (Fischl et al. , 2004 . For the purposes of the current study, automated image surfaces and segmentations were inspected and screened for quality control but were not manually edited, in order to maintain the objectivity of results. No large deformities such as failure to segment were found in this study. Lobar segmentations were automatically computed by FreeSurfer using the ''mri_annotation2label with -lobesStrict''-command. Intracranial volume (ICV) was determined by a validated automated method known to be equivalent to manual intracranial volume estimation (Buckner et al. 2004 ).
Local Gyrification Index
Local gyrification indices (lGI) were obtained with the method developed by Schaer implemented in FreeSurfer (Schaer et al. 2008 (Schaer et al. , 2009 ). The lGI is measured at each vertex using previously validated algorithms (Schaer et al. 2008) . lGI is a surface-based measure of the degree of cortical folding that quantifies the amount of cortex buried within the sulcal folds in the surrounding circular region. Thus lGI is a ratio of the total cortical surface area to a reference surface, with higher indices implying a greater degree of gyrification. Details of the processing pipeline are fully described elsewhere [https://surfer.nmr.mgh.har vard.edu/fswiki/LGI, (Schaer et al. 2008 (Schaer et al. , 2009 (Schaer et al. , 2012 ].
Statistical Analyses
Cortical Thickness, Cortical Gray Matter Volume, and Surface Area
The cortical thickness, volume, and surface data were averaged across participants in the spherical coordinate In addition, sex and handedness were used as covariates in all analyses. Results of all GLM's were corrected for multiple comparisons using a false discovery rate (FDR) of p \ .05 (Genovese et al. 2002) . In case of significant between-group results, Spearman's correlations were computed for the relationship between the surface measures and AQ-scores (as the AQ-scores were not normally distributed in both groups [ASD: Kolmogorov-Smirnov = .137, df = 51, p = .018; COM: Kolmogorov-
The volumes of all (sub)cortical structures and ROIs were averaged across hemispheres within participants, except for the laterality analyses. Stepwise regression analyses were performed on the whole sample with ICV, then group, age, group-by-age interaction term, followed by sex and handedness as predictors. We corrected for multiple comparisons using a Holm-Bonferroni correction (Holm 1979) . Taking a conservative approach, all betweengroup analyses were also performed with the ADOS-only group (i.e., those individuals with ADOS-scores above cutoff ([ 7), see also note below Table 1 ). Findings are reported only for significant results unless otherwise specified.
Lateralization Index
Based on earlier laterality findings in brain anatomy in ASD (e.g. (Ecker et al. 2010) ; laterality-indices (leftright/left ? right); (Hadjulis et al. 2004) ), which reflect the magnitude of left [ right asymmetry of a measure, were computed for regional and lobar regions. The asymmetry index for each measure was subsequently compared between ASD and COM using GLMs with handedness [given the possible association with cerebral asymmetry (Corballis 2014) ], but also age and sex as covariates.
Results
Whole Brain Vertex-Wise Analyses
No between group differences or group-by-age interactions were found for whole-brain vertex-wise analyses of GM volume, thickness, surface area or lGI after correction for multiple comparisons, and taking sex into account. Significant bilateral age-related volume loss and cortical thinning was found, but no age-related differences in surface area or lGI were found (Fig. S1) . The results remained similar in a conservative exploratory approach including only people with ASD above ADOS cutoff ([7) . Due to the skewed sex distribution and taking into account that most other studies are limited to males, we ran exploratory analyses taking sex into account and limiting our sample to males only. However, none of these sub-analyses revealed differences between groups on a whole brain level. Table 2 shows the results for the lobar analyses for each of the morphometric properties. Similar to the whole-brain vertex-wise analyses, no group or group-by-age interactions were found. Age-related effects were prominent for cortical thickness and volume, and frontal lGI, but not for surface area after correction for multiple comparisons. Age effects remained significant when considering the ADOSonly group (Table S2) . As some may argue that raw volumes are more informative compared to ICV-corrected volumes, we also performed exploratory regression analyses without taking ICV into account. The results resemble our ICV-corrected findings.
Lobar and Subcortical Analyses
In Table 3 we report the results from the subcortical analyses. Similar to the lobar analyses, only age effects were found for the whole and ADOS-only group (Table S4) , except for intracranial volume. Here we also report the regression results without taking ICV into account. The results resemble our ICV-corrected findings (right half of Table 3), and illustrate that significant sex differences, both lobar and subcortical, are all explained by ICV.
Given the strong nature of our age effects and to be able to more easily compare our findings to those reported in the literature, we divided both groups from our sample in a ''younger'' and ''older'' group based on their respective median ages for exploratory purposes. This resulted in a: (1) younger group with 26 ASD, mean age = 40.99 (SD = 1.22) and 24 COMs, mean age = 39.99 (1.07); and an older group: (2) 25 ASD, mean age = 62.35 (SD = 1.4), and 17 COMs, mean age = 59.88 (SD = 1.51). There were, as expected, no differences in demographics (p's [ .24), except for AQ-scores (p's \ .001). In the ''older'' group, the lGI of the insular cortex showed a group-by-age interaction (R 2 = .27, p = .012, b = -2.63, p = .025) with the older ASD group showing an age-related decline of lGI, but not in COMs. This interaction effect was driven by the lGI of the right hemisphere (left: R 2 = .145, p = .064; right: R 2 = .233, p = .04, b = -3.33, p = .006). No other significant results were found. Hence, the ''younger'' adult ASD group did not differ from the ''younger'' COM group.
Lateralization Index
Finally, lateralization indices were compared between groups (Table 4) . No group differences were found after Bonferroni (15 brain regions with 1-4 brain indices) correction for multiple comparisons p \ .002. Adopting a liberal threshold (15 brain regions) with p \ .003, or a Holm-Bonferroni approach did not change our negative laterality findings.
Discussion
Over the past decades, numerous structural MRI studies have investigated ASD-related deficiencies in GM morphology; however, these studies have generally focused on children, adolescents and young adults, and often included only one specific brain measure. Those studies that did focus on adults, focused on early-and mid-adulthood and even often included participants well below adulthood. To Numbers in bold represent significant effects after Holm-Bonferroni correction
Stepwise regression analyses were performed on the whole sample with ICV as correction variable, then group, age, group-by-age interaction term, followed by sex and handedness and IQ as predictors. In the right part of the table, ICV was excluded from the regression analyses GM gray matter, WM white matter, ICV intracranial volume a Not corrected for ICV volume our knowledge, this is one of the first reports of a comprehensive assessment of structural brain indices in ASD of adulthood including also those in late adulthood. In contrast to our expectations based on studies with younger participants, no group differences were found in cortical GM volume, thickness, surface area or gyrification. Similarly, subcortical volumes did not differ between groups nor were there any laterality effects. We did, however, replicate some often-observed general age effects (Raz et al. 2010; Walhovd et al. 2005 ). Yet, no moderating effects of age on the association between GM morphology and diagnosis even were observed suggesting a parallel age-related decline of GM in those with and without ASD.
At first glance our findings may not seem to converge with those reported in the literature showing altered gray matter morphology in various brain regions (Ecker et al. 2012 Osipowicz et al. 2015; Zielinski et al. 2014 ). However, our results confirm and extent prior findings from MRI-studies in adults with ASD. Indeed, similar to Raznahan and colleagues (Raznahan et al. 2010 ) no between group differences in cortical volume and cortical thickness in frontal, parietal and occipital lobes were found. In addition, intracranial, total brain (gray and white matter) and GM volume were similar between groups Lange et al. 2015; McAlonan et al. 2002; Scheel et al. 2011; Toal et al. 2010; Via et al. 2011) . Our findings also build upon a recent report from one of the largest anatomical MRI-studies in ASD to date (6-35 years), in which brain anatomical differences between autistic and typically developing individuals were indistinguishable (Haar et al. 2014) . Aberrant cortical folding patterns have been reported in children and adolescents (Hardan et al. 2004) , and up to young adulthood (Libero et al. 2014; Wallace et al. 2013 ), but see (Hardan et al. 2004 ). This may suggest that the marked brain overgrowth in early childhood followed by abnormally slow (and arrest of) growth in late childhood and adolescence is specific for this developmental period (Courchesne et al. 2011) , and does not lead to widespread and pervasive consequences in GM in later life. This suggests that atypical development might set off a cascade of events in the early years (including increase of neurons, dendritic growth and synapses, and number and size of glial cells; (Palmen et al. 2004; Schumann and Nordahl 2011) ), ultimately resulting in aberrant and dysfunctional communication between neurons which remains stable across the lifespan life. Thus aberrant developmental trajectories and formation of gray matter in early life form the base of ASDcharacteristic behavior, and consequently, pursuing GM morphology in late life may not be fruitful. However, caution is warranted for three reasons. First, our exploratory analyses suggested an age-relate declined in lGI of the insular cortex in ''older'' adults with ASD, which was absent in older comparison subjects. It would be of interest to study a group of even older adults to determine whether age-related differences are stronger in older adults with ASD. Secondly, cross-sectional research is not suited to pinpoint dynamic changes and trajectories. Importantly, Lange and colleagues demonstrated no cross-sectional differences in gray matter between ASD and controls, yet their longitudinal approach resulted in atypical age-related trajectories for specific gray matter regions. Therefore, longitudinal research is needed to test these hypotheses. Finally, with the macro-level resolution of current MRI research, we do not have information about possible differences within layers of the GM. Unfortunately findings from post-mortem research do not yet aide our understanding of aging in ASD. Although the majority of postmortem cases with ASD in the literature are adults, the number of available cases is limited, still less cases above age 30-40, and findings do not converge (Palmen et al. 2004; Schumann and Nordahl 2011) .
One could argue that while the sample is unique given the age-range, the sample might have been too small to detect group differences or group-by-age interactions. However, there was enough power to detect the general strong age-related effects and the findings of our exploratory analyses in a small ''older age'' group hinted towards a steeper age-related decrease in those with ASD as compared to older adults without ASD. Given that there are currently openly available databases including GM morphology measures of adults with ASD, we explored whether our findings remained robust when increasing our sample size by 75 % using independent individuals from the ABIDE database (http://fcon-1000.projects.nitrc.org/ indi/abide/) with a similar age-range. We still did not observe any group differences in these additional exploratory brain vertex-wise, lobar and sub-cortical analyses (see supplemental material). Unfortunately, retesting the age-related effects was of no use given that the mean age of the additional included ABIDE adults was only 36 years of age and the oldest participant was just 56 years of age. This shows again that when the ASD research community wants to know what happens at an older age we do need to try recruit more older individuals to participate in adult ASD studies.
However, studying older (intellectually able) adults with ASD comes with various challenges, as for example there are to date no standard procedures to assess ASD at old age. Diagnostic challenges might have resulted in a potential alternative explanation for our lack of betweengroup differences as the majority of the adults included received their official ASD diagnosis in adulthood. This is not uncommon given that almost all of our subjects were older than 10 years when autism was officially introduced in the diagnostic community [DSM-III (American Psychiatric Association 1980) ]. This doesn't mean that problems during childhood and adolescence were absent, but were probably not yet recognized as autistic behaviors (Geurts and Jansen 2012; James et al. 2006) . Studies including younger participants sometimes do report on problems during childhood by using the ADI-R to interview caregivers, however, obviously with the age range of our participants this interview is, unfortunately, not feasible so we followed the Dutch Multidisciplinary Guidelines for ASD Assessment (Kan et al. 2013 ) and the UK NICE guidelines for identification and assessment of autism in adults (http:// www.nice.org.uk/guidance/CG142). While a late diagnosis does not by definition mean that behavioral problems are less severe as compared to those receiving an earlier diagnosis, the late diagnosis might imply that we included a sample with relatively mild ASD symptomatology. Adults with an established ASD diagnosis tend to have lower scores on self-report questionnaires (Bishop and Seltzer 2012) . However, our mean AQ-scores match those from a large recent study (Ruzich et al. 2015) . With respect to the ADOS, a part of the ASD sample did not meet ADOS-cutoff scores, even though these individuals scored above the clinical cutoff on the AQ. Yet it is known that those with a formal diagnosis of ASD in childhood are not always meeting an ADOS cutoff in adulthood Fein et al. 2013; McGovern and Sigman 2005) and it seems that diagnoses based on a combination of history/caregiver information and clinical observation are significantly more stable over time than results from any single instrument such as the ADOS (Bastiaansen et al. 2011; Jones and Lord 2013; Lord et al. 2006) . Given that the AQ and ADOS scores of our sample show little to no differences in terms of current symptom severity with other GM ASD studies (Ecker et al. 2012 Libero et al. 2014; Scheel et al. 2011; Watanabe et al. 2014) , and the fact that all participants were patients from mental health clinics and that the majority was using psychotropic medication, we feel that our sample is with respect to severity highly similar to earlier adulthood studies. Unfortunately a large number of recent brain imaging studies did neither report average scores on ADOS or AQ (Hardan et al. 2004; McAlonan et al. 2002; Raznahan et al. 2010; Rojas et al. 2006; Toal et al. 2010) , nor report the age of diagnosis, which hampers direct comparisons. Nonetheless for future research it would be of interest to compare older individuals with a childhood diagnosis directly to those with a diagnosis in adulthood.
Conclusions
Taken together, the lack of significant anatomical differences between intellectually able individuals with ASD and COMs suggests that ASD in mid and late adulthood is not (strongly) related to GM morphology. These results remained after inclusion of independent age-matched participants from the international ABIDE database and extent prior findings of suggestive GM normalization in late adolescence and early adulthood. Our findings do not indicate a premature aging pattern in ASD, which seems to counter the suggestion of an elevated risk of dementia in the ASD-population (Mukaetova-Ladinska et al. 2012) . Studies including even older participants replicating the current findings are needed to determine whether aging in those with ASD is indeed no double jeopardy.
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